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) VOLTAGE TO FREQUENCY CONVERTER
Donald C. Lokerson, New Carrollion, Md., assignor to

the United States of America as represented by the

Administrator of the National Aeronautics and Space

Administration

Filed Dec. 20, 1968, Ser. No. 785,546
Int, Cl H03k 3/281

U.S. CL 331—113 11 Claims

ABSTRACT OF THE DISCLOSURE

A voltage controlled, variable frequency relaxation os-
cillator includes a pair of metal oxide semiconductor field
effect transistors (MOSFET’s) feeding variable currents to
transistors comprising the oscillator. The gate electrodes
of the MOSFET’s are connected in parallel with a fre-
quency controlling signal source to provide a high imped-
ance to the source. To compensate for the tendency of the
MOSFET’s to produce a nonlinear oscillator output fre-
quency as a function of source signal level, special cir-
cuitry is provided. To maintain the oscillator response
constant as a function of temperature and compensate for
variations in the characteristics of the MOSFET’s as a
function of temperature, a regulator circuit including a
MOSFET as a voltage reference source is provided.

The invention described herein was made by an em-
ployee of the United States Government and may be
manufactured and used by or for the Government for
governmental purposes without the payment of any royal-
ties thereon or therefor.

The present invention relates generally to oscillators
and, more particularly, to a relaxation oscillator including
a metal oxide semiconductor field effect transistor
(MOSFET) for controlling the current applied to switch-
ing elements of the oscillator. A further aspect of the
invention relates to voltage regulator circuits and, more
particularly, to a voltage regulator employing a MOSFET
as a reference voltage source. Still a further aspect of the
invention relates to a voltage controlled relaxation oscil-
lator and regulator circuit therefor, each of which includes
MOSFET’s,

In the telemetering art, variable frequency, voltage con-
trolled oscillators, of the relaxation type, have been ex-
tensively employed. Generally, such oscillators have em-
ployed voltage sensitive magnetic core structures driven
by a variable amplitude voltage source through an am-
plifier to provide impedance isolation between a signal
source and the oscillator. Another technique has utilized
bipolar transistors to drive current controlled multivi-
brators; the bipolar transistors being provided to isolate
the relatively low impedance of the multivibrator from
the variable amplitude signal source.

The magnetic core oscillators and multivibrators driven
by bipolar transistors have nonlinear operating charac-
teristics which often preclude the derivation of a linear
output frequency versus input signal amplitude response
and thereby require frequency versus amplitde compen-
sation. In addition, magnetic core oscillator circuits have
nonlinear temperature characteristics for which special
circuitry must be provided to maintain a constant output
frequency versus input voltage response. Bipolar transis-
tor networks having a sufficiently high input impedance
to preclude loading of the variable amplitude source do not
accurately follow square-wave type inputs but have a
tendency to smooth or integrate one of the edges of the
square wave. Changing the shape of the signal input volt-
age to the oscillator, of course, results in an inaccurate
output frequency versus input voltage response.
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In accordance with one aspect of the present invention,
there is provided a new and improved variable frequency
relaxation oscillator having a linear output frequency
versus input voltage relationship, as well as a high input
impedance to a variable amplitude frequency determining
driving source. The high input impedance is provided by
connecting the source to the gate electrodes of a pair
of MOSFET’s, one MOSFET being provided for the input
or confrol electrode of each bipolar transistor comprising
the oscillator circuit switching elements. The current sup-
plied to the transistor control electrodes by the MOSFET’s
is determined by the source voltage which thereby is an
important factor in determining the oscillator frequency.
While MOSFET’s have exceptionally high input imped-
ances, the voltage input versus current output response
thereof is nonlinear, being approximately a square law
input versus output response. Hence, it would appear
that establishing a linear output frequency versus input
voltage response for a relaxation oscillator driven by a
pair of MOSFET’s would be difficult to achieve. It has
been found, however, that the linear output frequency
versus input voltage response can be approached by ap-
propriately adjusting the impedance levels of the source
drain networks of the MOSFET’s and by shunting the
source drain path of one of the MOSFET’s with an im-
pedance having a suitable value.

In accordance with another aspect of the present in-
vention, maximum isolation between the input source and
the bodies of the MOSFET’s is provided by connecting the
bodies to a potential different from the voltage of either
the source of drain electrodes of the MOSFET’s. This
configuration is in contrast with known prior art circuits,
wherein the body of a MOSFET was short circuited to
either the source or drain electrode. It has been found that

5 leakage between the drain and body electrodes can be

minimized by directly connecting the body to the highest
voltage in the circuit, rather than to either the source or
drain electrode. In the present application, the sources of
the two MOSFET’s are connected in circuits different
from the body so that the sources can provide different
currents to the bipolar transistors in the variable fre-
quency, relaxation oscillator.

As indicated supra, the switching elements of the relax-
ation oscillator are a pair of bipolar transistors. The bases
and collectors of the bipolar transistors are cross coupled
by a pair of capacitors to establish the regenerative effect
in a well known manner. Connected in the emitter col-
lector path of each of the bipolar transistors is a further
bipolar transistor, of a complementary type to the first
named transistors. By employing the complementary tran-
sistor arrangement, which is not necessarily critical to the
invention, the maximum signal voltage to which the cir-
cuit can respond is increased compared to circuits where-
in resistors are provided in the collector circuits of the
switching transistors comprising the oscillator.

The power supply voltage for the oscillator of the
present invention must be maintained constant as a func-
tion of input signal level to the MOSFET"s. If the oscil-
lator supply voltage is not maintained constant, the os-
cillator output frequency varies so that an accurate in-
dication of the input voltage to the MOSFET’s is not
correlated with the oscillator frequency. Hence, the MOS-
FET source gate voltage characteristics must be main-
tained constant despite variations of input voltage mag-
nitude. Another problem in maintaining a constant output
frequency versus input voltage characteristics arises be-
cause the source gate voltage characteristics of MOSFET's
have a tendency to vary as a function of environmental
temperature and radiation level.

In accordance with another aspect of the present in-
vention, the supply voltage for the oscillator is maintained
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constant with a circuit including a MOSFET as a voltage
reference device. In particular, the source drain path of
the regulator MOSFET is connected in shunt with the
power supply network and functions as a voltage reference,
similarly to a Zener diode. The source drain impedance of
the regulator circuit follows variations in the source drain
impedance of the oscillator MOSFET’s as a function of
temperature and radiation level to assist in providing an
oscillator frequency versus voltage that is not materially
affected by temperature or radiation.

The reference voltage established by the regulator MOS-
FET forms one input to a differential amplifier, the other
input of which is responsive to a percentage of the regu-
lator output voltage. The difference amplifier responds to
the reference voltage developed across the MOSFET of
the regulator and the regulator output voltage to maintain
the oscillator input supply voltage constant as a function
of load current.

In accordance with one embodiment, increased gain is
provided for the regulator differential amplifier network
by driving one input of the amplifier with the drain volt-
age of the regulator MOSFET, the gate electrode of which
is responsivé to the regulator output. Thereby, the differ-
ential amplifier of the regulator circuit responds to a larg-
er difference voltage as variations in the regulator output
occur, whereby a greater degree of regulation is achieved.
In accordance with another aspect of the invention, the
regulator circuit includes at least one diode in the source
circuit of the MOSFET thereof. The diode provides ad-
ditional temperature compensation, and adjusts the regu-
lator voltage level so that the power supply voltage to the
oscillator compensates for variations of the oscillator
MOSFET’s particularly when they are operating at low
current levels.

A further feature of the MOSFET regulator, for gen-
eral application, is that the regulator output voltage tem-
perature coefficient can be changed at will in a facile
manner, In particular, the temperature coefficient can be
varied merely by changing the value of a load resistor
in the MOSFET source drain network. By changing the
load resistor the MOSFET current level is affected, which
controls the MOSFET voltage temperature characteristics.
This is in contrast to prior art Zener diode circuits which
have fixed temperature coefficients or variable temperature
coefficients only if an additional temperature sensitive
element is connected in the network.

It is, accordingly, an object of the present invention
to provide a new and improved voltage controlled relaxa-
tion oscillator employing semiconductor elements.

Another object of the invention is to provide a new
and improved voltage controlled relaxation oscillator
having a high input impedance to a variable voltage source
and linear frequency versus input voltage characteristics.

A further object of the invention is to provide a semi-
-conductor, voltage controlled relaxation oscillator having
a linear output frequency versus input voltage character-
istic and employing MOSFET’s for controlling the current
applied to the oscillator switching elements.

Still another object of the present invention is to pro-
vide a new and improved voltage controlled relaxation
semiconductor oscillator having a high input impedance
to an external source, linear output frequency versus in-
put voltage characteristics and capable of operating over
a frequency range in excess of two decades.

Still another object of the invention is to provide a volt-
age controlled, variable frequency relaxation oscillator
employing MOSFET’s, wherein the temperature and radi-
ation characteristics of the MOSFET’s are compensated
with a power supply circuit including as a voltage refer-
ence source another MOSFET.

Still another object of the invention is to provide a
new and improved voltage controlled relaxation oscilla-
tor including MOSFET’s wherein the nonlinear input ver-
sus output current responses thereof are compensated so
that the oscillator provides a linear output frequency versus
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input voltage response and the temperature and radiation
characteristics of the MOSFET’s are compensated with
relatively simple circuitry in a power supply network.

Yet a further object of the invention is to provide a
new and improved semiconductor power supply circuit,
particularly adapted to function with MOSFET circuitry.

Another object of the invention is to provide a power
supply circuit including a MOSFET as a reference volt-
age source.

Yet another object of the invention is to provide a
D.C. power supply network including a differential am-
plifier driven by a MOSFET which functions both as an
amplifying and reference voltage device.

Still a further object of the present invention is to pro~
vide a D.C. power supply including a MOSFET as a volt-
age reference source in combination with relatively simple
circuitry for matching the MOSFET output voltage level
to the voltage level of a circuit being driven by the reg-
ulator.

The above and still further objects, features and advan-
tages of the present invention will become apparent upon
consideration of the following detailed description of sev-
eral specific embodiments thereof, especially when taken
in conjunction with the accompanying drawings, wherein:

FIG. 1 is a circuit diagram of one preferred embodi-
ment of the present invention;

FIGS. 2a-2e are waveforms helpful in describing the
manner by which the oscillator portion of the circuit of
FIG. 1 functions;

FIG. 3 is a circuit diagram of a modified form of the
regulator included in the circuit of FIG. 1; and

FIG. 4 is a circuit diagram of another form of a regula-
tor in accordance with the present invention, particularly
adapted to be utilized with negative, rather than positive
voltage supplies.

Reference is now made to FIG. 1 of the drawings where-
in a regulated positive D.C, voltage is supplied to voltage
controlled, variable frequency relaxation oscillator 11
by voltage regulator 12 which is in turn driven by un-
regulated, positive D.C. power supply 13. As seen infra,
the characteristics of regulator 12 are matched with those
of oscillator 11, whereby temperature and radiation level
characteristics of elements in the oscillator are compen-
sated for by the output supply voltage of the regulator.

The frequency derived from oscillator 11 is controlled
by a variable voltage signal source 14, usually having a
regulatively high output impedance. The voltage of source
14, generally susceptible to variations of between ¢ and
-}-5.5 volts, is applied in parallel to gate electrodes 15
and 16 of P-channel MOSFET’s 17 and 18, respectively.
Source electrodes 19 and 2¢ of MOSFET’s 17 and 18 are
connected to the regulated D.C. output voltage of regula-~
tor 12 through resistors 22 and 23, respectively having
values of 15.1 KQ and 19 KQ. Thereby, the source drain
current of MOSFET 17 is greater than the source drain
current of MOSFET 18 for a particular magnitude of vari-
able voltage source 14.

Bodies 24 and 25 of MOSFET’s 17 and 18 are con-
nected directly to the output voltage of regulator 12 to
minimize leakage between the drain electrodes of the
MOSFET’s and the body. Thereby, the impedance be-
tween the gate and source electrodes of MOSFET’s 7 and
18 is maintained at a very high level; typically the input
impedance between the source and gate of each MOSFET
is greater than 107Q.

The currents derived from drain electrodes 26 and 27
of MOSFET’s 17 and 18 are respectively applied to the
bases 28 and 29 of bipolar NPN transistors 31 and 32.
The base 28 of NPN transistor 31 is also connected di-
rectly to the output voltage of regulator 12 by resistor
33, having a value of 50 KQ, which shunts the source drain
path of MOSFET 17. The current supplied to the bases
28 and 29 of transistors 31 and 32 is also respectively fed
to the collectors 34 and 35 of transistors 31 and 32 by way
of capacitors 3¢ and 37. Transistors 31 and 32, due to the
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¢ross coupling capacitors 36 and 37 connected therewith,
comprise the switching elements of a free running mul-
tivibrator or relaxation oscillator. The frequency derived
by the relaxation oscillator is determined, inter alia, by
the amplitudes of the currents supplied to the bases of
transistors 3% and 32 by the source drain paths of
MOSFET’s 17 and 18, as well as the constant current flow-
ing through resistor 33.

The oscillator comprising transistors 31 and 32 is
selectively triggered into operation in respomse to the
source drain path of MOSFET 38 being activated to
an OFF state in response to the square-wave output voltage
of oscillator stop source 39. Current for the emitter collec-
tor paths of transistors 31 and 32 is respectively supplied
by PNP transistors 41 and 42, the emitters 43 and 44
of which are D.C. coupled to the output voltage of regu-
lator £2. Collectors 45 and 46 of transistors 41 and 42 are
directly connected with the collectors of transistors 32 and
32, respectively. The bases and collectors of transistors 41
and 42 are cross coupled by D.C. circuits comprising par-
allel resistance capacitance networks 47 and 48. The
resistances of networks 47 and 48 control the base cur-
rénts of transistors 41 and 42 while the capacitances pro-
vide fast switching between transistors 41 and 42. Shunt-
ing the bases and emitters of transistors 41 and 42 are
back biased diodes 49 and 5¢ which perform voltage hold-
off and safety functions.

The complementary nature of the free running oscilla-
tor, wherein transistors 41 and 42 comprises the collector
impedances of transistors 3% and 32, enables the circuit of
the présent invention to function is response to relatively
low drain currents from MOSFET’s 17 and 18, as occurs
when source 14 has a relatively large amplitude. This re-
sult is achieved because the emitter collector paths of tran-
sistors 41 and 42 have relatively low impedances and
large forward bias in response to small currents being ap-
plied to the base circuits of transistors 31 and 32.

To maintain transistors 31 and 42 in oscillation at all
times while MOSFET 38 is activated to an OFF state,
regardless of the voltage of source 14, a minimum oscilla-
tion frequency of the multivibrator comprising transistors
31 and 32 is established by shunting the source drain path
of MOSFET 18 with 4 megohm resistor 52. Resistor 52
assures coupling of D.C. current from the output of regula-
tor 12 to the base of transistor 32 regardless of the current
in the drain circuit of MOSFET 18.

To describe the manner by which the variable fre-
quency, voltage responsive relaxation oscillator of FIG. 1
functions, reference is now made to the waveforms of
FIGS. 24-2¢. Prior to time #,, the base of transistor 32 is
short circuited to ground through the drain source path
of MOSFET 38 by virtue of the MOSFET being activated
to an ON state in response to a zero output voltage of
source 39, as indicated by FIG. 2a. With the base of
transistor 32 short circuited, no current flows between the
base and emitter of transistor 32 and a relatively large
D.C. voltage exists at collector 35 of transistor 32. The
large D.C. voltage at collector 35 is coupled to the base
of transistor 41, cutting off transistor 41. With transis-
tor 41 cut off, transistor 42 is activated to a conducting
state due to the cross coupling relationship between tran-
sistors 41 and 42. In response to transistor 42 being in a
conducting state, current is supplied through the emitter
collector path thereof. The current which flowed through
the emitter collector path of transistor 42 when the tran-
sistor was initially turned on prior to #, was coupled
through the capacitor 37 to the base of transistor 31 to
turn transistor 31 to an ON condition. The ON condition
of transistor 31 is maintained in response to the current
supplied by regulator 12 through resistor 33. Thereby, the
initial conditions of the transistor relaxation oscillator,
with a negative or zero output voltage of oscillator stop
source 39, are: transistors 31 and 42 are conducting while
transistors 32 and 41 are cut off.

To commence operation of the multivibrator or relaxa-

[+

10

15

20

25

30

40

50

55

60

65

70

75

tion oscillator, the output voltage of source 39 undergoes
a positive step at time #,, as shown by FIG. 24. In response
to the positive step in the output voltage of source 39,
the source drain path of MOSFET 38 is pinched off to
remove the short circuit between the base and emitter of
transistor 32, With the short circuit removed from the base
emitter junction of tramsistor 32, the source drain cur-
rent of MOSFET 18 and the constant current through
resistor 52 flow into the base of transistor 32. The cur-
rent supplied to base 29 of transistor 32 increases ex-
ponentially so as to closely approximate a linear sawtooth,
as indicated by FIG, 2b. The sawtooth increase in the base
current of transistor 32 occurs because capacitor 36 ini-
tially drains most of the currents from resistor 52 and
the drain electrode of MOSFET 18. As capacitor 36 be-
comes charged, a greater percentage of the currents flow-
ing through resistor 52 and from the drain of MOSFET
18 flow into base 29. Ultimately, at time #;, the base cur-
rent of transistor 32 reaches a level sufficiently great to
cause the transistor to switch from a nonconducting to a
fully conducting state.

The voltage at collector 35 of transistor 32 suddenly
drops, as indicated by FIG. 2d, in response to the flow of
current through the transistor collector emitter path which
occurs when the transistor goes from a nonconducting
to a conducting state. In response to the decreased voltage
at the collector of transistor 32, the base emitter path of
transistor 41 is suddenly forward biased resulting in an
increase of the collector voltage thereof. In response
to the increased collector voltage of transistor 41, the
base of transistor 42 becomes back biased to suddenly de-
crease the voltage at collector 46 of transistor 42. The
sudden decrease in voltage at the collector of transistor
42 is coupled through capacitor 37 to the base of tran-
sistor 31, cutting off the emitter collector path thereof.
Thereby, the voltage at collector 34 of transistor 31 sud-
denly increases. The sudden increase in the voltage at
collector 34 is coupled through capacitor 36 to base 29
of transistor 32 to cause the latter transistor to become
conducting to a greater extent. The sequence of events
is regenerative, whereby transistors 31 and 32 are rapidly
switched from their initial states to the nonconducting
and conducting states respectively. Substantially simultane-
ously, transistors 41 and 42 are switched so that the
former is in a conducting state and the latter is in a pon-
conducting state.

With transistor 28 cut off, no current is supplied through
capacitor 36 but all of the drain current of MOSFET 18
and the current flowing through resistor 52 are fed
to the base of transistor 32, as indicated by the con-
stant amplitude portion of the waveform of FIG. 2b
between the times #; and 7. While a constant amplitude
current is being supplied to the base of transistor 32, the
base voltage of transistor 31 increases in a sawtooth
manner from a negative value thereof, indicated by the
waveform of FIG. 2d. The charging rate of the transis-
tor 31 base voltage is governed by the value of capacitor
37 which initially draws all of the drain current of
MOSFET 17 and resistor 33 through the emitter collec-
tor path of transistor 32. As time progresses and charge is
accumuiated on the electrodes of capacitor 37, a greater
amount of current is supplied by the drain of MOSFET
17 and resistor 33 to the base of transistor 31 until tran-
sistor 31 becomes conducting. In response to transistor 31
again becoming conductive, the states of transistors 32,
41 and 42 are again switched, whereby immediately after
time 1,, transistor 32 is cut off while transistors 41 and
42 are respectively cut off and conducting. The sequence
of operation described is repeated continuously so that
a series of square waves is derived at collector 34 of tran-
sistor 31,

It is thus seen that the time interval for which each
of transistors 31 and 32 is conducting is dependent upon
the values of capacitors 36 and 37, as well as the drain
currents of MOSFET’s 17 and 18 and the constant cur-
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rents flowing through resistors 33 and 52, although the
current of resistor 52 is of minimum importance because
it is very small due to the large impedance of the resistor.

For a maximum voltage of input source 14 of 5.5 volts,
the source drain impedances of MOSFET’s 17 and 18
cause relatively small currents to flow from drains 26 and
27 to the bases of transistors 31 and 32, respectively.
‘When the drain currents of MOSFET’s 17 and 18 are rela-
tively small, the time required for the bases 28 and 29 to
draw sufficient current to cause transistors 31 and 32
to be switched is relatively large. As the voltage of
source 14 decreases, the source drain impedances of
MOSFET’s 17 and 18 decrease, whereby greater cur-
rents are supplied by drains 26 and 27 to bases 28 and 29,
respectively. In response to the greater drain currents of
MOSFET’s 17 and 18, the states of transistors 31 and 32
are more rapidly switched, whereby the output frequency
of the oscillator increases relative to the frequency which
is derived in response to higher voltages of source 14.

If only MOSFET’s 17 and 18 were utilized for the cur-
rent supplying elements to the bases of transistors 31 and
32, a nonlinear output frequency versus input voltage
relationship would exist because of the inherent nonlinear,
square law relationship between MOSFET source gate
voltage and source drain current. To compensate for the
nonlinear nature of the voltage versus current responses
of MOSFET’s 17 and 18, the drain current of MOSFET
17 is augmented by the constant current flowing through
resistor 33. The relationship between the ON times of
transistors 31 and 32 and the voltage of source 14 is
such that the two transistors are ON for substantially the
same interval for a zero voltage level of source 14. In
contrast, for a 5 volt level of source 14, transistor 31 is
rendered conducting for only ten percent of each cycle,
while transistor 32 is conducting for the remainder or the
90 percent of each cycle. This relationship exists because
the drain currents of MOSFET’s 17 and 18 are approxi-
mately 0.1 the constant current of resistor 33 for imput
potentials of 5 volts while the MOSFET’s drain currents
are each approximately the same as the current of resis-
tor 33 for a zero voltage input signal.

By judicious selection of the values of resistors 22,
23 and 33, the linear relationship between the output fre-
quency of the square waves derived at collector 34 and the
input voltage of source 14 is achieved. In particular, it
can be shown that the output frequency is related to the
input signal voltage, the values of resistances 22, 23 and
33, the voltage developed by regulator 12, the values of
capacitors 36 and 37 (assumed to be equal) and a char-
acteristic of MOSFET’s 17 and 18 as:

V"— Vin"“Vgs
Jo= 1
cv T 37 + R,
Ri2R;(V—Vin—Vys) (1)

where,

fo=oscillator output frequency;

V=the output voltage of regulator 12;

Vip=the voltage of source 14;

Vgs=the gate source voltage of MOSFET’s 17 and 18;
C=the wvalue of each of capacitors 36 and 37;
Ri=the value of resistor 22;

Ry=the value of resistor 23; and

Rs=the value of resistor 33.

For different input signal voltages, the characteristics of
MOSFET’s 17 and 18 change, as does the output voltage
of regulator 12 in response to the variable load curreat
supplied by it to the oscillator. Thereby, for changing
values of Vy,, the values of V and V4 in Equation 1 vary.
To compensate for the variable values of V and Vg as
a function of Vi, and provide the linear relationship
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between the multivibrator output frequency and the wolt-
age of source 14, the linearity correction term

3V
2R3(V'—Vin—vgs)
which represents the contribution of the current through
resistor 33, is included in Equation 1. Since the sole func-
tion of the nonlinearity correction term is to compensate
for the wariations of V and Vg, Equation 1 can be
rewritten as:

P V' Via—V'
" CV'(Ri+Ry)
where:

V’=compensated value of V, and
V’gs=compensated value of V.

As seen from Equation 2, the output frequency of the
oscillator varies linearly with variations of input voltage,
Vi It is noted that any changes in the gate source voltage
of MOSFET’s 17 and 18 for a predetermined input cur-
rent is refiected in the oscillator output frequency. It is a
characteristic of MOSFET’s that the gate source voltage,
Vg thereof changes as a function of temperature and
radiation level for a predetermined source current. Hence,
some type of compensation must be provided to overcome
the variable gate source voltage characteristics of
MOSFET’s 17 and 18 to provide a linear cutput frequency
versus input signal level response. In accordance with an-
other aspect of the invention, the variable gate source
voltage characteristics of MOSFET’s 17 and 18 are com-
pensated with a specially designed circuit included in
regulator 12. I

In particular, regulator 12 includes a voltage reference

5 device comprising MOSFET 61, having the source there-

of connected to the regulator positive potential output
terminal 60 through forward biased diode semiconductor
62, preferably of the silicon type. The body of MOSFET
61 is connected directly to the regulator output voltage,
while the MOSFET gate is responsive to a percentage of
the regulator output voltage as developed at the tap of
resistive voltage divider 63 between resistors 64 and 65.

An amplified replica of the voltage supplied to the gate
electrode of MOSFET &1, in signal polarity inverted
form, is developed across resistor 66, connected in the
drain circuit of the MOSFET. The voltage across re-
sistor 66 is D.C. coupled to the base of NPN transistor
67 which together with NPN transistor 68 forms
a differential amplifier. By changing the value of
resistor 66 the wvoltage temperature coefficient of the
regulator 12 output voltage is variable as desired because
the voltage temperature coefficient of MOSFET 61 is cur-
rent dependent. The emitters of transistors 67 and 68 of
the differential amplifier are connected to ground through
a common load resistor 69 while the collectors thereof
are biased by the regulator output voltage. The base of
transistor 68 is responsive to the voltage at the tap of volt-
age divider 63, the same voltage which is applied to the
gate electrode of MOSFET 61. The voltage at the col-
lector of transistor 68, developed across resistor 72 and
proportional to the difference between the base voltages of
transistors 67 and 68, is coupled to the base electrode of
PNP power transistor 71, the emitter collector path of
which serves as a variable impedance for regulating the
current supplied between source 13 and output terminal
60 of regulator 12. Bias regulation for the base of tran-
sistor 71 is established by resistor 72, shunting the power
transistor base collector path. The collector of transistor
71 is connected to ground through A.C. filtering ca-
pacitor 73, which stabilizes the transistor collector bias
voltage.

In operation, diode 62 sets the source body voltage of
MOSFET 61 to approximately the same level as the
source body potential of MOSFET’s 17 and 18 for low
current operation of the oscillator. As temperature changes
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the source gate and source drain voltages of MOSFET’s
17, 18 and 61 have a tendency to vary by the same
amount, If diode 62 were not included in the source cir-
cuit of MOSFET 61, however, the source drain voltage
change of MOSFET 61 would be reflected in the regula-
tor output voltage by a factor on the order of two, for
a typical power supply voliage of approximately nine
volts. By including diode 62 in the source circuit for
MOSFET 61, a voltage drop is provided in series with
the MOSFET source drain voltage and the voltage across
resistor 66 such that variations in the MOSFET source
gate voltage as a function of temperature are reflected
in changes in the regulator output voltage to match the
voltage variations of the oscillator MOSFET’s 17 and
18. It has been found through experimentation that the
temperature negative coefficients of many different types
of semiconductor diodes help provide the temperature
compensation needed to adjust the regulator output volt-
age to the necessary degree. If, however, the regulator
output voltage is not sufficiently high enough for the power
supply load an additional diode should be connected in
series with diode 62; on the contrary, if the power sup-
ply load requires a smaller voltage the diode should be
excluded. By matching the power supply variations of
source 12 to be approximately equal but opposite to the
source gate voltage changes of MOSFET’s 17 and 18 the
term (V'—V’y) in Equation 2 remains constant as a
function of temperature and environmental radiation level.

The gate and drain electrodes of MOSFET 61 are main-
tained at approximately the same potential in normal op-
eration, Maintaining the gate and drain electrodes of
MOSFET 61 at substantially the same potential, and con-
necting the source and body electrodes to substantially
the same voltage level through diode 62 causes the
MOSFET to function in a manner similar to a Zener diode
reference voltage device. Thereby, a relatively constant
voltage exists between output terminal 66 of regulator
12 and the drain electrode of MOSFET 61 so that the
current through resistor 66 is indicative of the voltage
output of the regulator.

The regulator circuit disclosed by FIG. 1 can be mod-
ified as shown by the diagram of FIG. 3, wherein three
series connected MOSFET’s 81-83 are connected in cir-
cuit to be responsive to the voltage across the ouiput ter-
minals of the regulator. By connecting the source drain
paths of MOSFET’s 81-83 in series and short circuiting
the gate electrodes of the three MOSFET’s to the drain
electrode of MOSFET 83, which is connected to the base
of transistor 67, the regulated voltage developed across
the three MOSFET’s is increased. Thereby, the three
MOSFET’s of FIG. 3 can be utilized to perform the same
function as MOSFET 61 and diode 62 of regulator 12 of
FIG. 1. 1t is noted that the regulator of FIG. 3 does not
include the amplification feature of the regulator of FIG.
1 whereby the regulation performance is not as good as
the FIG. 1 embodiment.

Consideration is now given to an analysis of the oper-
ation of a regulator of the type shown in FIG. 3 in com-
bination with the oscillator of FIG. 1, assuming only one
MOSFET in the regulator circuit. Initially assume that the
oscillator input signal voltage, Vy,, FIG. 1, decreases so
that the source currents of MOSFET’s 17 and 18 increase
and the regulated output voltage of regulator 12’ has a
tendency to decrease by some amount AV, In the follow-
ing analysis, the initial voltages of the regulator are indi-
cated as unprimed symbols while the regulator voltages
after the incremental change are indicated by double
primed symbols. The analysis is made presuming that the
collector paths of transistors 67 and 68 draw a negligible
current from the regulator output, whereby:

Vi=Vies (R -+ Ru)
where:

=the voltage at the tap of voltage divider 63;

(3)
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V9eg==the voltage developed by regulator 12 between
terminal 60 and ground, and

R; and Rg are the values of resistors 64 and 65, respec-
tively.

The voltage at the base of transistor 67 is:

V2= Vreg_ Vmos (4)

where:

V, is the MOSFET source output voltage developed
across resistor ¢6; and

Vmes=the MOSFET source drain voltage.

With the incremental voltage change, the values of
V, and V, become:

Vi'= (Ve aV) (

R; -I-Rs) 5)

and
Vz”=(Vreg+AV)—Vmos” (6)

The change in the inputs of the differential amplifier, at
the bases of transistors 67 and 68, in response to the
inremental change, AV, is:

A(Vi=Vy) = (V—=V")—(Vo—V,')= R+R)(Vrez

T Vrez_ AV) - (Vreg_ Vmos'_Vrez— AV+Vmos’,)
P]

which simplifies to:
_ . Rs . . H]
A(V—TVy) = [(R5+R AV — AV —Vmos+ Vimos
(7)

Since the source gate voltage of MOSFET 61 remains
substantially constant with variations in the voltage de-
veloped by regulator 12, and the values of R5 and Rg can
be selected to be approximately equal, Equation 7 repre-
senting the change in the input voltages of the différential
amplifier can be closely approximated as: ’

1
AV —V3) = +AV (1 " +R ) +34V )
Hence, due to the reference voltage effect of MOSFET 61
and the differential amplifier, the base voltage of tran-
sistor changes by one-half of the original incremental volt-
age change, AV, to substantially regulate the output volt-
age at terminal 69.

The foregoing analysis was made neglecting amplifica-
tion as introduced by MOSFET 61, FIG. 1, on the output
voltage of divider 63. For an analysis of the network of
FIG. 1, which includes amplifying MOSFET 61, it cannot
be assumed that Vi,oe=Vmes'', and the amplification fac-
tor, u, of the MOSFET must be considered. With the FIG.
1 regulator, the change in the input voltages of the dif-
ferential amplifier in response to an incremental change,
AV, at terminal 68 can be expressed as:

Re |
R5+RG) (WD) (+4V) o0

For typical values of u=40 and equal values of R; and
R, the output of the differential amplifier provides a re-
sponse 40 times greater than the original incremental out-
put of regulator 12. The gain developed by the MOSFET
amplifier enables greater stabilization of the regulator 12
to be achieved than is attained with a circuit of the type
previously analyzed.

Reference is now made to FIG. 4 of the drawings
wherein there is illustrated a modified version of the
MOSEFET regulator of the present invention, particularly
adapted for use with a negative D.C. voltage supply, rather
than positive supplies, as is the case of the regulators of
FIGS. 1 and 3. In the regulator of FIG. 4, NPN tran-
sistor 91 is connected so that its emitter is responsive to
the negative D.C. output voltage of source 92 and its col-
lector supplies negative current to a suitable load 192.

A measure of the load voltage is derived from the tap
of voltage divider 93 which includes series connected

AV, —Vy) = (1—
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resistors 94 and 95 shunting the output terminal of the reg-
ulator. The output tap of regulator 93 is connected in par-
allel to the gate electrodes of P-channel MOSFET’s 96-98,
having their source drain electrodes connected in series be-
tween the base of transistor 99 and ground. MOSFET’s
96-98 are of the same type as the MOSFETs em-
ployed in FIGS. 1 and 3, although they are utilized to reg-
ulate negative, rather than positive, supplies. The same
type of MOSFET’s can be employed in the circuit of
FIG. 4 as is employed in FIGS. 1 and 3 because the FIG.
4 MOSFET regulating elements are connected in shunt be-
tween the base and ground of the differential amplifier
transistor. In contrast, the MOSFET regulators of FIGS.
1 and 3 are connected between the power supply and the
base of a transistor comprising the differential amplifier.
The utilization of P-channel units MOSFET’s is desired
because at present all commercial MOS (metal oxide semi-
conductor) integrated circuits are single polarity P-channel
devices.

The amplified replica of the regulator output developed
at the drain of MOSFET 96 is developed across load re-
sistor 101, which connects the drain of MOSFET 96 to
the collector of transistor 91. Power for transistor 99 of
the differential amplifier is provided through the connec-
tion of load resistor 102 to the regulator output and the
collector of the differential amplifier transistor, The emit-
ters of transistors 92 and 103 of the differential amplifier
are connected through a common load resistor 104 to

- ground, whereby there is developed across resistor 102
a voltage for controlling the impedance of transistor 91
to provide the desired regulation.

While there have been described and illustrated several
specific embodiments of the invention, it will be clear that
variations in the details of the embodiments specifically
illustrated and described may be made without departing
from the true spirit and scope of the invention as defined
in the appended claims.

I claim:

1. A relaxation oscillator deriving a variable frequency
output substantially linearly responsive to the voltage level
of a‘signal source comprising: first and second semicon-
ductor switching elements, each having a control electrode
and an output electrode; first and second capacitive means
regeneratively connecting said control electrode of said
first element with the output electrode of said second
element and said control electrode of said second element
with the output electrode of said first element; first and
second metal oxide semiconductor field effect transistors
having source, drain and gate electrodes; means connect-
ing the source drain paths of said first and second field
effect transistors in circuit with and for supplying currents
to said first and second capacitive means and the control
electrodes of said first and second elements respectively;
means for connecting the gate electrodes of said field ef-
fect transistors to be responsive to said signal source so
that the currents supplied to said capacitive means and
control electrodes are varied in response to the voltage
level of said source; and means for supplying a predeter-
mined D.C. current in parallel with the current of said
first tramsistor to said first capacitive means and the con-
trol electrode of said first element, said D.C. current be-
ing approximately ten times greater than the minimum
source drain current and approximately equal to the maxi-
mum source drain current, whereby said oscillator fre-
quency output will be substantially linear in response to
the voltage level of said signal source.
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2. The oscillator of claim 1 wherein both of said ele-
ments are bipolar transistors of a first conductivity type,
and said regenerative means includes a second pair of bi-
polar transistors of a second conductivity type, each of
said second conductivity type transistors supplying col-
lector current to one of said first and second elements.

3. The oscillator of claim 1 further including first and
second D.C. impedance means in the source drain paths
of said first and second field effect transistors, said imped-
ances having values selected so that the source drain cur-
rents of said transistors are different for the same voltage
being applied to the field effect transistor gate electrodes.

4. The oscillator of claim I wherein said impedances
are connected between the sourge electrodes of the field
effect transistors and a D.C. power supply terminal, and
further including means for connecting the bodies of said
field effect transistors directly to the terminal.

5. The oscillator of claim 1 further including a regu-
lated D.C, power supply having a terminal for feeding
currents to the source drain paths of said first and second
transistors, said supply including a third metal oxide field
effect transistor connected in shunt with said terminal.

6. The oscillator of claim 5 wherein the regulator in-
cludes a differential amplifier having one input responsive
to a percentage of the D.C. voltage at said terminal and
a second input responsive to the voltage between the
source and drain electrodes of said third field effect tran-
sistor, and a variable impedance in series with said ter-
minal controlled in response to the differential output of
said differential amplifier.

7. The oscillator of claim 6§ wherein the gate electrode
of the third field effect transistor is responsive to a por-
tion of the D.C. voltage at said terminal.

8. The oscillator of claim 7 further including forward
biased diode means connected in D.C, circuit between said
terminal and the source electrode of said third field effect
transistor.

9. The oscillator of claim 8 further including first and
second D.C. impedance means in the source drain paths
of said first and second field effect transistors, said im-
pedances having values selected so that the source drain
currents of said transistors are different for the same volt-
age being supplied to the gate electrodes of said ficld effect
transistor to provide a linear output voltage versus input
voltage level response.

19. The oscillator of claim 9 wherein said impedances
are connected between the source electrodes of the field
effect transistors and a D.C. power supply terminal and
further including means for connecting the bodies of
said field effect transistors directly to the terminal.

11. The oscillator of claim ‘5 further including for-
ward biased diode means connected in D.C. circuit be-
tween said terminal and the source electrode of said third
field effect transistor.
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